) with 30 g l À1 sucrose). Leaves harvested from these cultures were analyzed for soluble sugars and were used as explants for adventitious shoot regeneration (Stage II), which was also carried out under photoautotrophic and standard conditions. Photoautotrophic conditions during Stage I promoted growth of rooting shoots but inhibited axillary shoot proliferation. Photoautotrophic conditions during Stage II suppressed callus and adventitious bud production from leaf explants compared with standard conditions. The regeneration environment appeared to be more important in controlling bud formation than the conditions under which the donor shoots were grown. Regardless of Stage I treatment, bud production was up to 100-fold higher for leaves cultured under standard conditions than under photoautotrophic conditions. Once adventitious buds were differentiated from the leaf tissues, however, their elongation was faster under photoautotrophic conditions than that under standard conditions, with some shoots reaching 10 mm in length on leaf explants cultured under photoautotrophic conditions. Because total leaf soluble sugar concentration was always lowest in shoots under standard conditions, which also yielded the highest bud production, the results suggest that endogenous starvation enhanced shoot production.
Summary Effects of photoautotrophic and photomixotrophic growth conditions on adventitious shoot regeneration from leaf explants of eastern cottonwood (Populus deltoides Bartr. ex Marsh.) were investigated. Rooting and proliferating shoot cultures (Stage I) were grown in either an elevated (1500 ppm) CO 2 concentration ([CO 2 ) with 30 g l À1 sucrose). Leaves harvested from these cultures were analyzed for soluble sugars and were used as explants for adventitious shoot regeneration (Stage II), which was also carried out under photoautotrophic and standard conditions. Photoautotrophic conditions during Stage I promoted growth of rooting shoots but inhibited axillary shoot proliferation. Photoautotrophic conditions during Stage II suppressed callus and adventitious bud production from leaf explants compared with standard conditions. The regeneration environment appeared to be more important in controlling bud formation than the conditions under which the donor shoots were grown. Regardless of Stage I treatment, bud production was up to 100-fold higher for leaves cultured under standard conditions than under photoautotrophic conditions. Once adventitious buds were differentiated from the leaf tissues, however, their elongation was faster under photoautotrophic conditions than that under standard conditions, with some shoots reaching 10 mm in length on leaf explants cultured under photoautotrophic conditions. Because total leaf soluble sugar concentration was always lowest in shoots under standard conditions, which also yielded the highest bud production, the results
Introduction
Regeneration from plant tissues in vitro is largely dependent on explant choice, medium composition and control of the physical microenvironment Patel 1984, Brown and . Murashige (1974) identified several factors that should be considered in explant selection including the organ chosen as the tissue source, the physiologic and ontogenetic age of the organ and the overall quality of the donor plant. Pretreatment of donor plants may also play an important role in determining the regeneration response (Klimaszewska and Keller 1985 , Khehra and Mathias 1992 , Nhut et al. 2002 . Manipulation of environmental and nutritional parameters such as temperature, light quality and intensity, and medium composition during in vitro or in vivo donor plant growth affected the regeneration response in several herbaceous plant species. For instance, pretreatment of tomato seedlings (Lercari and Bertram 2004) and in vitro plantlets of Begonia (Burritt and Leung 2003) with different light qualities affected the acquisition of competence for shoot regeneration. Irradiance and sowing time were critical for maximizing somatic embryo yield from barley-embryoderived callus (Dahleen 1999) . Low temperature pretreatments of donor plants increased embryogenesis in anther cultures of wheat (Hess and Carman 1998) and timothy (Guo et al. 1999) . In Arabidopsis, callus number per plated protoplast and hence the number of regenerants were dependent on the growth conditions of the donor plants, especially medium composition and irradiance (Masson and Paszkowski 1992) . Although it is assumed that physiologic and biochemical changes occur in pretreated donor plants, there is less information on the relationship between such modification and regeneration capacity. There is some experimental evidence indicating that endogenous carbohydrates are involved in the regeneration process. Rapid and consistent starch deposition in shoot-and root-forming tissues during the first days in culture, followed by a steady decrease in starch in the cells of the developing organ and in the surrounding cells, has been reported (e.g., Thorpe et al. 1986 , Mangat et al. 1990 , Fortes and Pais 2000 , Li and Leung 2000 . In other systems, it has been found that soluble sugars increased during the initial stage of bud (Vaz et al. 1998 ) and root development (Kromer and Gamian 2000, Li and Leung 2000) , and this increase was associated with rapid cell division.
Gaseous composition in the culture vessel can also affect growth and morphogenesis of plant tissue cultures (see reviews by Kozai 1991, Fujiwara and Kozai 1995) . Carbon dioxide and ethylene are commonly produced by cultured plant tissues and may accumulate in the headspace depending on the vessel type and culture conditions. For example, CO 2 accumulation in culture vessels caused by the metabolic activity of excised cotyledons enhanced shoot formation in Pinus radiata D.Don. (Kumar et al., 1987) and Thuja occidentalis L. (Nour and Thorpe 1994) , whereas high ethylene concentrations decreased shoot regeneration in Paulownia kawakamii Ito. (Kumar et al. 1996) . Modifications of the in vitro microenvironment, such as elevation of the CO 2 concentration ([CO 2 ]) together with high irradiance and a reduction in sucrose concentration in the medium, have led to the development of photoautotrophic culture systems. Under these culture conditions, increased photosynthetic activity, growth and acclimatization to ex vitro conditions by cultured explants are expected (cf. Kozai 1991) . However, the effect of photoautotrophic conditions on regeneration has been minimally investigated. Potato explants cultured on carbohydrate-free medium with 1% CO 2 developed the photosynthetic pathway typical of C 3 plants, and adventitious shoot regeneration was observed (Bladier and Chagvardieff 1993) . In contrast, [CO 2 ] up to 2-3% inhibited somatic embryo formation in petiole-derived cells of carrot cultured in sugar-free medium, but caused large increases in callus fresh and dry mass (Grieb et al. 1994) .
Plants belonging to the genus Populus are easily established in vitro and amenable to gene transfer technology (Confalonieri et al. 2003) . Eastern cottonwood (Populus deltoides Bartr. ex Marsh.) is one of the fastest growing hardwood forest species in the USA, with highest growth rates on wet, well-drained sands or silts near streams (Burns and Honkala 1990) . Engineered P. deltoides trees are considered promising candidates for phytoremediation of mercuric-contaminated soils (Che et al. 2003 , Lyyra et al. 2007 ). However, P. deltoides has a reputation for being more difficult to manipulate in vitro than other species and hybrids of Populus, particularly for gene transfer using leaf explants (Merkle 2006) . Thus, the development of techniques that enhance the ability of P. deltoides leaves to produce adventitious shoots would be useful.
Our study objectives were: (1) to grow eastern cottonwood shoots in the rooting and proliferation stages under different culture conditions (pretreatments) including different sucrose concentrations, [CO 2 ] and irradiances; (2) to evaluate adventitious bud regeneration from leaf explants collected from pretreated donor shoots and cultured under photoautotrophic or standard culture conditions and (3) to investigate the relationship between the endogenous concentration of soluble sugars (sucrose, fructose and glucose) of pretreated donor shoots and the regeneration capacity of leaves from rooting and proliferating shoot cultures.
Materials and methods

Stock culture conditions
Shoots of a single eastern cottonwood clone (C175) that had been maintained in vitro for several years were rooted on semisolid rooting medium (hormone-free DKW (Driver and Kuniyuki 1984) medium) supplemented with 30 g l À1 sucrose and gelled with 3 g l À1 phytagel (Sigma-Aldrich, St. Louis, MO). The pH of the rooting medium was adjusted to 5.7 before autoclaving at 121°C for 20 min. Shoots (four per vessel) were cultured in Magenta Ò GA-7 (Sigma-Aldrich) vessels containing 100 ml of rooting medium and subcultured every 4 weeks by transferring the apical portion ($ 1.5 cm) of the shoot to fresh rooting medium. Stock cultures were maintained in a growth room in a 16-h photoperiod at a photosynthetic photon flux (PPF) of about 60 ± 5 lmol m À2 s À1 (hereafter referred to as low PPF) supplied by cool-white fluorescent lamps. The leafy apical portion of each rooted shoot ($ 1.5 cm) and the middle stem section, devoid of leaves ($ 1 cm), were harvested from the stock cultures and used to study the effects of elevated [CO 2 ], irradiance and sucrose concentration on adventitious bud regeneration from leaf explants; a two-stage procedure was employed. In Stage I, cottonwood material was exposed to CO 2 · PPF · sucrose treatment combinations either as proliferating axillary shoot cultures or as rooting shoots. Leaves harvested from these cultures were used for soluble sugar analysis and as explants for adventitious bud regeneration (Stage II).
Stage I: axillary shoot proliferation and rooting
The high PPF treatment (151 ± 5 lmol m À2 s
À1
) was supplied by cool-white fluorescent lamps. Elevated [CO 2 ] was supplied to an incubator (CU-36L, Percival Scientific Inc., Perry, IA) equipped with a CO 2 kit connected to a CO 2 tank. A probe that was part of the kit was set to maintain a constant [CO 2 ] of 1500 ppm in the incubator. The actual [CO 2 ] in the incubator, which was monitored by a second probe (CARBOCAP Ò Hand-Held Carbon Dioxide Meter GM70, Vaisala Inc., Woburn, MA) that recorded [CO 2 ] every 30 min, was 1644 ppm (hereafter referred to as elevated [CO 2 ] treatment). Culture vessels (Magenta GA-7) provided with vented caps (10 mm polypropylene filter with 0.22 lm pore size) were used to allow CO 2 diffusion into the vessel headspace. For the control conditions, GA-7 vessels with standard non-vented caps were used. Control vessels were incubated under the standard conditions described above for stock cultures (ambient [CO 2 ], low PPF ($ 60 ± 5 lmol m À2 s
) and 30 g l À1 sucrose).
Media for shoot rooting and axillary shoot proliferation were the same as employed for the stock cultures, except that the shoot proliferation medium was supplemented with 0.25 mg l À1 zeatin. Stem sections used for shoot proliferation were cultured horizontally and slightly embedded into the surface of the medium. The leafy apical portion of each rooted shoot and the middle stem section were harvested from the stock cultures and grown in rooting medium or axillary shoot proliferation medium, respectively, either under standard conditions or exposed to 0, 10 or 30 g l À1 sucrose in elevated [CO 2 ] and a high PPF. Each treatment comprised four replicates (GA-7 vessels), each containing four explants. Treatments of the rooting shoots lasted 4 weeks, whereas treatments of the proliferating shoot cultures were continued for 8 weeks because axillary shoot development from the stem sections was slow. The medium was renewed once in the middle of the culture period (4 weeks) only for proliferating shoots.
Stage II: adventitious bud regeneration
In Stage II, the effects of photoautotrophic (0 g l À1 sucrose, 1500 ppm CO 2 and PPF 151 ± 5 lmol m À2 s
À1
) and standard culture conditions on adventitious bud regeneration from leaf explants were also tested along with the Stage I treatments, based on a factorial design. From each Stage I treatment, 27 leaf explants (each about 0.5 cm 2 ) were harvested from the upper portions of the rooting and proliferating shoots that had been cultured for 4 or 8 weeks, respectively, in the Stage I treatments, divided among three replicates (i.e., GA-7-3 vessels containing 50 ml of semisolid DKW medium supplemented with 1 mg l À1 a-naphthaleneacetic acid and 1 mg l À1 N 6 -benzyladenine), and cultured with the abaxial side in contact with the medium. The explants were cultured for 10 weeks under either photoautotrophic or standard conditions, with subculture to fresh medium after 5 weeks. At the end of the regeneration period, we determined the percentage of explants forming adventitious buds and elongating shoots (> 3 mm), and the mean numbers of buds and elongated shoots per explant.
Soluble sugar extraction and analysis
At the conclusion of Stage I, three leaf samples were collected per treatment and analyzed for soluble sugars as described by Hardy and Townsend (1994) . Leaf tissues were dehydrated overnight and then homogenized with dry ice in a mortar to a fine powder. Soluble sugars were extracted as described by Yelle et al. (1991) ; 4 ml of 80% (v/v) ethanol was added to 40 mg of dry sample along with fucose as internal standard and the mixture was incubated for 20 min at 80°C and then centrifuged at 15,000g for 15 min. The supernatant was retained and the extraction process was repeated twice. The combined supernatants were evaporated to dryness and resuspended in 8 ml of distilled water. One milliliter of each sample was filtered through a 0.45 lm Nylon filter (Spin-X Ò Centrifuge Tube Filter; Quality Biological Inc., Gaithersburg, MD) before injection into an HPLC system (Dionex DX-500, Sunnyvale, CA). Each sample (10 ll) was injected through a ThermoSeparations AS3500 auto-sampler (Dionex) containing a stainless steel needle, and equipped with a GP-40 gradient pump. Sugar analysis was performed on a Metrosep CARB 1 analytical column (250 · 4.5 mm, 5 lm, Metrohm-Peak Inc., Houston, TX) with a guard column and a Borate trap column. Soluble sugars (sucrose, glucose and fructose) were detected by an ED-40 electrochemical detector (Dionex). The eluent was 100 mM NaOH and injections were made every 50 min. Instrument control and data processing were made with Dionex PeakNet software Version 5.01.
Statistical analysis
Stage I and II treatment effects on regeneration ability were tested by a factorial approach, and Stage I treatment effects on soluble sugars concentration were assessed by analysis of variance using SigmaStat Ò Version 3.1 (Systat Software Inc., San Jose, CA). Means were separated by Duncan's multiple range test. Before analysis, percentage data were subjected to arcsine square root transformation to make treatment variances homogeneous.
Results
Stage I: axillary shoot proliferation and rooting
We collected only qualitative data during Stage I. Growth of rooting shoots and axillary shoot formation from stem sections were both influenced by Stage I culture conditions. Rooting shoots generally exhibited more vigorous growth when cultured under photoautotrophic conditions than under standard conditions (Figure 1) . Independently of the sucrose concentration in the medium (0, 10 or 30 g l À1 ), rooting shoots had larger leaves and grew faster when cultured under photoautotrophic conditions ( Figure 1C and F) than under standard conditions ( Figure 1A ). Under photoautotrophic conditions, shoots grown in medium containing 0 or 10 g l À1 sucrose had longer internodes and hence longer shoots than shoots grown in medium containing 30 g l À1 sucrose. Culture under photoautotrophic conditions resulted in well-developed root systems, with many fine lateral roots on the cultured shoots ( Figure 1D , E and G). Roots on shoots cultured under photoautotrophic conditions in sugar-free medium had a normal appearance and morphology ( Figure 1G ), whereas roots developed on shoots cultivated under photoautotrophic conditions in the medium containing 10 or 30 g l À1 sucrose were reddish in color with small nodular structures on the major roots ( Figure 1D and E). Photoautotrophic conditions suppressed axillary shoot proliferation from stem sections (Figure 2 ). Stem sections cultured under photoautotrophic conditions in sugar-free medium did not produce any buds or shoots; however, shoot formation occurred when stem sections were cultured in the presence of 10 or 30 g l À1 sucrose ( Figure 2B and C), but the shoots were less developed, with narrow, yellow leaves compared with the shoots produced under standard culture conditions (Figure 2A ). Shoots formed from stem sections cultured under photoautotrophic conditions in the medium containing 10 g l À1 sucrose had only a few undeveloped leaves, and therefore were not included in the adventitious bud regeneration study.
Stage II: adventitious shoot regeneration
Leaf explants harvested from rooting or proliferating shoots exposed to Stage I treatments were cultured either in sugar-free medium under photoautotrophic conditions or under standard culture conditions. After 2-3 weeks in culture, leaf explants began to produce a white or light-green compact callus on their cut edges. Leaves cultured under standard conditions (i.e., in the medium containing 30 g l À1 sucrose) produced large amounts of callus that in some cases covered the entire leaf surface ( Figure  3A and C). Later, this callus turned reddish, and tiny green adventitious buds became visible on its surface. Leaf explants cultured in sugar-free medium under photoautotrophic conditions did not develop appreciable callus (Figure 3B and D) and only a few adventitious buds arose from these explants. However, the buds that regenerated in the photoautotrophic environment were morphologically comparable with the axillary shoots that developed from stem sections during Stage I under the same growth conditions and they were sometimes 1 cm in length ( Figure 3D ). The percentage of leaf explants forming buds was significantly affected by the treatments applied during Stage II, but not by the treatments applied during Stage I (Table 1 ). The percentages of regenerating explants derived from rooting and proliferating shoots were 1.5 and 4.1 times higher, respectively, in sucrose-enriched media than in sugar-free medium (Table 2) . Under photoautotrophic conditions, the percentage of leaf explants that formed buds was considerably lower for explants derived from proliferating shoots than for explants derived from rooting shoots. Mean number of buds per explant was significantly affected by both Stage I and II treatments (Table 1) . Independently of the growth conditions during Stage I, mean number of buds per explant was higher when the explants were cultured under standard conditions than under photoautotrophic conditions during Stage II (Figure 4 ). Leaves harvested from rooting and proliferating shoots grown under standard conditions during Stage I and cultured under the same conditions during Stage II had the highest numbers of buds (110 and 130, respectively). Leaves harvested from rooting shoots cultured in medium containing 10 or 30 g l À1 sucrose under photoautotrophic conditions during Stage I and then cultured under standard conditions during Stage II had a decreased number of buds regenerated compared with leaves harvested from rooting shoots cultured under standard conditions during Stages I and II ( Figure 4A ), whereas number of buds produced by leaf explants cultured under photoautotrophic conditions during Stage II was unaffected by Stage I treatments (Figure 4) . Consequently, there was significant interaction between Stage I and II treatments on bud formation (Table 1) .
Compared with the effects of the Stage I and II treatments on adventitious bud production, the treatments had less effect on the production of elongated shoots (> 3 mm). Leaves cultured under standard conditions had the highest number of explants regenerating elongated shoots ( Figure  5A ) as well as the highest mean number of elongated shoots per explant ( Figure 5B ). However, elongated shoot production was considerably lower than the overall number of buds. Although both regeneration frequency and number of elongated shoots appeared to increase with increasing sucrose concentration during Stage I (Figure 5 ), these differences were not statistically significant. Leaves cultured under photoautotrophic conditions during Stage II generally showed a lower capacity to develop elongated shoots, except those derived from shoots cultured in sugar-free medium. There was a significant interaction between Stage I and II treatments on elongated shoot production. Thus, the standard Stage I treatment produced more responding explants and more elongated buds per explant than the sugar-free photoautotrophic Stage I treatment combined with the standard Stage II treatment. In contrast, the standard Stage I treatment produced a similar number or fewer responding explants and elongated buds per explant than the sugar-free photoautotrophic Stage I treatment when combined with the photoautotrophic Stage II treatment ( Figure 5A and B).
Endogenous soluble sugar status
In leaf samples collected from rooting and proliferating shoots at the end of Stage I, total soluble sugar concentrations were significantly lower in samples harvested from shoots cultured under standard conditions than under photoautotrophic conditions (Table 3) . Among treatments, leaves collected from shoots grown in the medium containing 10 or 30 g l À1 sucrose under photoautotrophic conditions had the highest total soluble sugar concentrations. High concentrations of glucose were found in the leaves harvested from rooting shoots at the end of Stage I ( Figure  6A ). Increasing the sucrose concentration in the medium increased its accumulation in leaf tissues. Foliar sucrose concentrations were significantly higher in the shoots cultured in medium containing 30 g l À1 sucrose under photoautotrophic conditions than under standard conditions. Fructose concentration varied little among experiments and was between 0.2 and 0.5 lg mg À1 of dry leaf sample.
Under standard conditions, foliar soluble sugar concentration was lower for rooting shoots than for proliferating shoots. There was no statistical difference between treatments in the concentrations of reducing sugars (fructose and glucose) in leaves of proliferating shoots ( Figure 6B ).
Discussion
Axillary shoot proliferation and rooting
We found that rooting shoots of eastern cottonwood were visibly more developed and vigorous, with more roots when cultured under photoautotrophic conditions compared with standard conditions. The beneficial effects of photoautotrophic conditions on shoot quality have been widely reported for woody plants (de la Vinaẽ t al. 1999, Kozai and Kubota 2001, Arigita et al. 2002) and mainly attributed to increased photosynthetic activity of the explants. Our observations indicate that rooting shoots, at least those grown in sugar-free medium, were able to develop significant photosynthetic activity that promoted leaf expansion, stem elongation and root formation. The presence of sucrose in the medium under photoautotrophic culture conditions did not affect shoot development or morphology, although rooting shoots probably used both carbon sources (photomixotrophic metabolism). When explants are cultured under photoautotrophic conditions, ethylene escapes from the culture vessel through passive diffusion. The reduction in ethylene concentration in vented vessels increased leaf surface in Ficus lyrata Warb. (Jackson et al. 1991) and stimulated shoot bud elongation, unfolding of leaves and diminished leaf abscission in Annona species (Armstrong et al. 1997) . We cannot exclude the possibility that ethylene contributed to the development of cottonwood shoot morphology under photoautotrophic conditions and reduced shoot development under our standard culture conditions. Axillary shoot proliferation from stem sections cultured under photoautotrophic conditions was suppressed when sucrose was present in the medium and completely inhibited in sugar-free medium. We suggest that either elevated [CO 2 ] had a negative effect on axillary shoot development, or that ethylene is required for normal growth of the shoots (cf. Nour and Thorpe 1994, Dimassi-Theriou and Economou 1995) . Although unlikely, we cannot exclude the possibility that the $ 150 lmol m À2 s À1 PPF treatment suppressed axillary shoot development.
Endogenous soluble sugars in leaf tissues of rooting and proliferating shoots
Rooting and proliferating shoot cultures of eastern cottonwood had significantly lower foliar total soluble sugar concentrations when cultured under standard conditions than under photoautotrophic conditions, suggesting that increased photosynthetic activity in response to elevated [CO 2 ] enhanced sugar accumulation in the leaf tissues (cf. Ticha´et al. 1998). Kozai et al. (1991) and Cournac et al. (1991) hypothesized that when sucrose is added to the culture medium under photoautotrophic conditions, its uptake is enhanced as a result of increased transpirational water flow. This hypothesis is supported by our finding that, under photoautotrophic culture conditions, the accumulation of sucrose in leaf tissues paralleled the increase in sucrose concentration in the medium, as has also been found in quince (Mingozzi 2006) . Our Stage I treatments significantly affected the endogenous concentrations of soluble sugars in leaf tissues. Compared with the other treatments, rooting shoots grown under standard conditions had the lowest concentrations of sucrose, glucose and fructose in leaf tissues, indicating a al. , Cui et al. 2000 . Under similar culture conditions, the endogenous soluble sugar concentration in juvenile avocado shoots was not altered by the sucrose concentration in the medium (Premkumar et al. 2003) .
Adventitious shoot regeneration under standard and photoautotrophic conditions
The percentage of leaves forming buds was significantly enhanced by culturing eastern cottonwood leaf explants under standard conditions. Photoautotrophic conditions did not completely suppress callus growth or morphogenesis, but bud regeneration was 10-20 times higher under standard conditions, indicating that the photosynthetic activity of our leaf explants was insufficient to sustain high-frequency bud formation in sugar-free medium. Callus formation and organ regeneration were completely inhibited in quince leaf explants cultured under photoautotrophic conditions (Mingozzi 2006 ). Bladier and Chagvardieff (1993) obtained de novo shoot formation from photoautotrophic callus of Solanum tuberosum L. cultured without sugar in the medium under 1% CO 2 -enriched atmosphere, although the regeneration process was less efficient than in medium containing sucrose. In contrast, similar rates of adventitious shoot formation were observed in Eryngium foetidum L. cultured in sugar-free and sucrose-containing media in ambient [CO 2 ] (Martin 2004) . Although the culture conditions during the regeneration phase appeared to be more important in controlling bud formation than the conditions under which the donor shoots were grown, the mean number of buds per explant was affected by the interaction between Stage I and Stage II treatments. As shown in Figure 4 , more buds were produced when leaf explants derived from shoots cultured under standard conditions during Stage I were subsequently cultured under standard conditions during Stage II. However, for leaf explants derived from shoots cultured under photoautotrophic conditions during Stage II, culture conditions during Stage I had little influence with bud production being low in all leaf explants.
Based on our findings that the lowest foliar total soluble sugar concentration and the highest bud production occurred in shoots cultured under standard conditions, we propose that endogenous sugar starvation may stimulate bud regeneration. Sugar starvation has been reported to increase somatic embryo formation in mature leaf tissues of Quercus species (Fernandez-Guijarro et al. 1995 , Hernandez et al. 2003 and in suspension cultures of Phoenix dactylifera L. (Veramendi and Navarro 1996) .
The elongation of neo-formed buds into shoots was slow and only slightly affected by Stage I and II treatments. Standard culture conditions during Stages I and II were the most favorable for shoot elongation. However, shoot elongation appeared less influenced by the culture conditions during Stage II than during Stage I, especially in leaf explants collected from rooting shoots grown under photoautotrophic conditions, indicating that the negative effect of photoautotrophic conditions was manifested mainly during the early stage of bud differentiation. Thus, once adventitious buds were differentiated from the leaf tissues, their elongation was faster under photoautotrophic conditions than under standard conditions, with some shoots reaching 10 mm in length on leaf explants cultured photoautotrophically.
In conclusion, the in vitro environment affects the development of rooting and proliferating shoot cultures of eastern cottonwood as well as subsequent adventitious bud regeneration from leaf explants. Photoautotrophic culture conditions enhanced the vigor of rooting shoots but decreased both axillary shoot proliferation and de novo bud formation. However, some bud initiation did occur in cottonwood leaf explants cultured photoautotrophically and, following adventitious bud differentiation from the leaf tissue, bud elongation was enhanced under photoautotrophic conditions. Photoautotrophic regeneration systems may be useful for selecting mutant plants resistant to various environmental stresses (Bladier and Chagvardieff 1993) , and may also offer an alternative route for selection of transgenic regenerants (Rey et al. 1989 ).
